The substantia gelatinosa (SG) of the dorsal horn of the spinal cord is a recipient zone for unmyelinated sensory neurons in adults. Recent studies of the central anatomy of physiologically identified skin sensory neurons in neonatal mice have shown that this region also receives substantial inputs from a variety of myelinated afferents. The present experiments were performed to determine whether these neonatal inputs represent a transient phenotype that retracts from the SG. Studies were conducted in an in vivo spinal cord preparation from adult mice; thoracic levels were targeted to facilitate comparisons with previous in vitro findings. We show that the SG continues to receive substantial projections from myelinated skin sensory neurons throughout life. A large population of myelinated nociceptors conducting in the upper A␦ and low A␤ range maintained extensive projections throughout all areas of the SG well into adulthood; the latter gave rise to dorsally recurving "flame"-shaped arbors extending into the marginal layer that were identical to afferents described in neonates and after nerve injury in adult rats. Furthermore, exquisitely sensitive down hair follicle afferents projected throughout the inner half of the SG (i.e., lamina IIi) and sent dense clusters of terminals well into the outer SG (IIo), where they intermingled with those of unmyelinated nociceptors. Arguments are presented that the SG likely plays a predominant role in tactile processing under normal conditions, but that this role switches rapidly to nociceptive-only during environmental exigencies imposed by temperature extremes.
Introduction
The substantia gelatinosa (SG), also known as lamina II, is a distinctive translucent region capping the dorsal horn of the spinal gray matter. Defined by its lack of myelin, the SG is generally equated with unmyelinated sensory inputs, which have been shown to terminate in this region (Sugiura et al., 1986) . Less widely appreciated, however, is the fact that the SG also receives direct inputs from myelinated skin sensory neurons. Indeed, down hair afferents have been shown to project into the ventral SG , and, using a semi-intact ex vivo preparation from neonatal mice, this adult organization was found to develop shortly after birth (Woodbury et al., 2001) . Additional studies using this in vitro preparation have also shown that myelinated nociceptors project extensively throughout the SG in neonates (Woodbury and Koerber, 2003) . The fate of these inputs from myelinated nociceptors, however, remains unclear.
Studies of the central projections of putative myelinated afferents labeled with cholera toxin conjugates argue that such inputs to the SG are no longer present in adults (for review, see Fitzgerald, 2005) , in accord with the absence of myelin in this region. If true, this would predict that the growth of myelinated nociceptor central projections is initially exuberant and these arbors subsequently undergo extensive pruning during early postnatal life or, alternatively, that the cells responsible for these widespread SG projections represent a transient population that is lost through cell death postnatally. However, uncertainty surrounds the identities of afferents that transport cholera toxin (Tong et al., 1999; Woodbury et al., 2001; Sántha and Jancsó , 2003) , and bulklabeling studies may lack sufficient power to resolve this important question regarding SG functional organization (Woodbury et al., 2000 (Woodbury et al., , 2001 Woodbury and Koerber, 2003) .
We therefore sought to resolve this issue through anatomical analyses of individual, physiologically identified afferents to the SG in adults. Mice were used because the short distances allow terminals to be labeled intracellularly from DRG somata, providing access to all afferent classes. However, to obviate potential problems surrounding the viability of central terminals under prolonged in vitro conditions, we developed a new in vivo spinal cord/DRG preparation for these purposes. Studies were conducted at thoracic levels to facilitate comparison with earlier in vitro findings from the same body region in neonates.
A previous report examined the physiological properties of mouse skin sensory neurons in vivo . Here we show that myelinated nociceptors continue to project extensively throughout the SG in adulthood, and that these projections are identical to similar afferents in neonates. Thus, as shown previously for tactile afferents, the present studies reveal that the central terminations of myelinated nociceptors are adult-like shortly after birth, and do not retract as predicted on the basis of bulk-labeling studies. Furthermore, down hair follicle afferents (D-HFAs) project more extensively throughout the SG than previously recognized, providing a major tactile input to a region historically equated with nociception and pain.
Materials and Methods
All procedures used in the present experiments were approved by the Institutional Animal Care and Use Committee of the University of Wyoming and conform to National Institutes of Health guidelines. The in vivo mouse thoracic preparation used in the present experiments has been described in detail . Briefly, adult Swiss-Webster mice of either sex (4 -10 weeks of age, 25-40 g) were anesthetized with ketamine and xylazine (90 and 10 mg/kg, respectively, i.p.) or sodium pentobarbital (75 mg/kg, i.p.). Hair over the head, neck, and ipsilateral trunk was clipped. The trachea was cannulated for ventilation with humidified oxygen, and the cerebral cortex was exposed and aspirated full thickness before immobilization with D-tubocurarine (Sigma, St. Louis, MO); EKG, carotid pressure, and end-tidal CO 2 were monitored and maintained within normal limits throughout all surgical procedures, electrophysiological recordings, and subsequent survival periods required for intracellular labeling with Neurobiotin (NB).
A dorsal midline incision was made in trunk skin, and DRGs at thoracic levels T11/12 were exposed by laminectomy. Desiccation was prevented by continuous superfusion with oxygenated artificial CSF (in mM: 127.0 NaCl, 1.9 KCl, 1.2 KH 2 PO 4 , 1.3 MgSO 4 , 2.4 CaCl 2 , 26.0 NaHCO 3 , and 10.0 D-glucose) flowing through an in-line heater (MPRE8; Cell MicroControls, Norfolk, VA). The spinal column was secured with custom clamps and the preparation then transferred to a heated recording chamber. Skin, rectal, and DRG temperatures, monitored with calibrated thermocouples, were maintained at 32 Ϯ 1°C, 35 Ϯ 1°C, and 37 Ϯ 0.5°C, respectively, as described .
Electrophysiology. DRG neuronal somata were impaled with quartz micropipettes (80 -150 M⍀) containing 20% NB (Vector Laboratories, Burlingame, CA) in 1 M potassium acetate, and stable penetrations with a resting membrane potential less than or equal to Ϫ45 mV were studied further. Recordings were digitized for subsequent off-line analyses using Spike2 (Cambridge Electronic Design, Cambridge, UK).
Receptive fields (RFs) were located with the aid of a stereomicroscope using a standard mechanical search sequence; the latter progressed from light touch with a fine sable hair paintbrush to searching with blunt probes and ultimately gentle to noxious pinch with fine-tipped forceps. RFs were found across the entire dermatome in these intact preparations, from dorsal to ventral midlines; those located near the incision site were excluded. Afferents were identified as cutaneous if RFs tracked with skin displacement; afferents for which a mechanically sensitive RF could not be found were not studied further. Mechanical thresholds were determined with calibrated von Frey filaments (Stoelting, Wood Dale, IL). Adaptation rate was evaluated using suprathreshold probes mounted in a micromanipulator; skin stretch and vibratory stimuli were also tested in many cells.
Thermal stimuli were delivered using a 3 ϫ 5 mm feedback-controlled Peltier stimulator (Yale Instrument Repair and Design Shop, New Haven, CT); to displace insulating air and standardize heat transfer, a droplet of water was placed on the RF, and the temperature of the water interface was monitored with a second calibrated thermocouple to measure the actual temperature experienced by the epidermal surface. To eliminate the potential for spurious mechanical stimulation by the thermode during changes in temperature, the thermode was occasionally withdrawn slightly to leave only water in contact. Areas of skin exposed to heat were monitored, and cells recorded subsequently with overlapping RFs were rejected.
After characterization with natural stimuli, a bipolar stimulating electrode was brought into contact with the RF for measurements of electrically evoked spike latency (50 -100 s, 0.5 Hz). Latency measurements were obtained using the minimum intensity required to excite neurons consistently without jitter; utilization time was not taken into account. To allow calculation of conduction velocity, conduction distances were measured for each afferent after termination of the experiment by careful dissection and measurement of the distance from the RF to the center of the DRG along the closest nerve.
Neuronal labeling. After physiological characterization, selected neurons were iontophoretically injected with Neurobiotin (ϩ1.5-4 nA, 75% duty cycle, 10 -68 nA ⅐ min total). 
Results
The present report is based on observations on 57 individual physiologically identified cutaneous primary afferents that were well labeled in adult mice in vivo. These represent a restricted sample from a larger population (Ͼ450) of skin sensory neurons that have been physiologically identified and characterized in adult mice in vivo. Because neurons were intracellularly recorded and stained from their somata, the central anatomy of a broad spectrum of afferents could be examined, including 24 myelinated tactile afferents, 20 myelinated nociceptors, and 13 unmyelinated (C-fiber) nociceptors. Emphasis in the current report is placed on myelinated cutaneous afferents with projections into the SG; as noted (see Materials and Methods) (see also Boada and Woodbury, 2007) , only afferents with mechanically sensitive cutaneous RFs were included in these studies. To provide a reference for comparative purposes, the locations of unmyelinated nociceptors and myelinated tactile afferent terminations are described. In addition, a novel population of myelinated nociceptors that predominantly terminate ventral to the SG is described.
Unmyelinated (C-fiber) afferents
In accord with seminal in vivo studies in guinea pig (Sugiura et al., 1986) and in vitro studies in mice (Woodbury et al., 2001 (Woodbury et al., , 2004 Albers et al., 2006) , all labeled C-nociceptors terminated in the SG and, to a lesser extent, marginal zone (lamina I). Most (12/13) were C-polymodal nociceptors that responded to moderately firm stroking of the RF with a fine paintbrush (mechanical threshold, 0.63 Ϯ 0.29 mN; range, 0.16 -1.24 mN) as well as heat (threshold, 42.2 Ϯ 3.2°C; range, 38 -46°C) and cold (threshold, 16.3 Ϯ 4.5°C; range, 10 -21°C). The remaining C-nociceptor was a high-threshold mechanoreceptor (C-HTMR) that responded only to intense mechanical stimuli (i.e., skin pinch with forceps).
Representative central projections from C-polymodal nociceptors stained in adult mice in vivo are shown in Figure 1 ; those from the C-HTMR were essentially identical (data not shown). Arbors gave rise to a longitudinal column of dense terminal neuropil that was well circumscribed in the transverse plane and extended uninterrupted over many sections (400 -550 m) in the rostrocaudal plane. As seen in Figure 1 , terminal arbors were centered in the outer SG (i.e., lamina IIo), with only minimal overlap into lamina I; occasional processes extended ventrally into laminas IIi and III as noted previously (Sugiura et al., 1986; Sugiura, 1996; Woodbury et al., 2001 ).
Myelinated skin sensory neurons Tactile afferents
Well labeled central projections from a variety of tactile afferents have been recovered, including guard hair follicle (n ϭ 6), slowly adapting type I (SAI; n ϭ 4) and type II (n ϭ 2), Pacinian (n ϭ 3), mechano/cold (n ϭ 4), and D-hair follicle afferents (n ϭ 5); general physiological properties of these afferents were described previously . With the exception of D-HFAs (see below), the central arbors of tactile afferents generally remained deep to the SG (e.g., Fig. 6G ) and were identical in all major respects to published descriptions of the same afferent populations in mice (Woodbury et al., 2001; Koerber and Woodbury, 2002; Woodbury and Koerber, 2007) and cats (for review, see Brown, 1981) ; the central anatomy of mechano/cold afferents is the subject of a separate report (M. D. Boada and C. J. Woodbury, unpublished observations).
D-hair follicle afferents
Every well labeled D-HFA gave rise to substantial inputs into the SG as exemplified in Figure 2 . All exhibited exquisite mechanical sensitivity (thresholds Ͻ0.07 mN) that was rivaled only by SAI afferents. The conduction velocities (CVs) of those labeled ranged from 1.53 to 14 m/s; three of the five stained (conducting at 1.53, 1.8, and 2.3 m/s) were only slightly above the A/C-fiber cutoff of 1.5 m/s (Fig. 2 A-D) , whereas one conducted in the low A␤ range (average, 4.99 Ϯ 5.26 m/s; median, 2.3 m/s). Thus, these afferents exhibited a broader CV range than typically reported, and in the absence of information on central anatomy (below), those with the most slowly conducting axons could easily be mistaken for unmyelinated (C) low-threshold mechanoreceptors. Unlike the latter (n ϭ 2; not labeled) , all cells classified as D-HFAs responded equally well to both fast-and slow-moving stimuli and were silent during cooling (data not shown) (for C-LTMR cooling responses, see Albers et al., 2006) when care was taken to prevent skin movement.
As seen in Figure 2 , the central anatomy of D-HFAs was unique and highly stereotypical. Central axons ascended and descended in the medial dorsal column and gave rise to dorsally recurving, "flame-shaped" collateral arbors that supported dense clusters of large, bouton-like varicosities extending well into the SG. Multiple (7-16) well labeled collaterals were recovered from each afferent in our sample. As with other types of cutaneous sensory neurons (Koerber and Mirnics, 1995; Wilson et al., 1996; Woodbury et al., 2001) , considerable variability was observed between individual collateral arbors along the rostrocaudal axis.
Representative examples of the most complex and superficially projecting arbors are shown in Figure 2 . The latter were located in the main projection zone containing the greatest arborization density. Importantly, individual collateral arbors in this region overlapped extensively along the rostrocaudal axis to form uninterrupted columns of longitudinally oriented neuropil as documented in neonates [Woodbury et al. (2001) , their Fig. 8 ]. Because of this overlap, the rostrocaudal extent of individual D-HFA collateral arbors could not be determined. Nevertheless, the longitudinal spread of individual arbors in this region was substantial, particularly evident where collaterals arose at widely spaced intervals. For example, the arborization illustrated in Figure 2 B-D was part of an uninterrupted longitudinal column that extended beyond the immediately adjacent collateral axons located 750 m rostrally and 200 m caudally (data not shown). Thus, although this columnar organization characterizing the main termination zone of D-HFAs was similar to that formed by C-polymodal nociceptors (above), the length of these D-hair columns more than doubled that of the columns formed by C-polymodal nociceptors. This columnar organization of D-HFA central projections was not observed in earlier studies using horseradish peroxidase (HRP) Hayashi, 1985) , presumably reflecting limited diffusion of the latter relative to NB (Koerber and Mirnics, 1995; Wilson et al., 1996) .
As in neonates, these continuous columns of neuropil formed by adult D-HFAs occupied the inner half of the SG (i.e., lamina IIi). Unlike neonates, however, adult arbors in this main central projection extended more dorsally, well into the outer half of the SG (i.e., lamina IIo), occasionally extending all the way to the border with the marginal layer (Fig. 2) . Importantly, in all D-HFAs labeled, this main central projection zone was invariably bracketed by isolated (i.e., nonoverlapping) collateral arbors that remained deeper and exhibited a simpler morphology as docu- mented for other tactile afferents (Koerber and Mirnics, 1995; Wilson et al., 1996; Woodbury et al., 2001) ; the latter outliers arborized primarily in the dorsal nucleus proprius (i.e., lamina III) with only minor overlap into the ventral SG (i.e., lamina IIi) as seen in the small numbers of isolated D-HFA collaterals labeled in seminal HRP studies .
Nociceptors
Myelinated nociceptors that were well labeled in the present study (n ϭ 20) spanned a broad range of peripheral CVs, from 3.5 to 31 m/s (average, 9.07 Ϯ 6.17 m/s; median, 6.9 m/s). Five of those labeled exhibited CVs Ͼ11 m/s, the A␤/␦ cutoff at this core temperature . Most RFs could not be located with a fine paintbrush; although probing with sharptipped forceps was generally effective, many required skin pinch for activation. Some exhibited relatively low thresholds, whereas others could not be induced to respond to the stiffest von Frey filaments tested (e.g., 100 mN), with the result that mechanical thresholds spanned at least three orders of magnitude (0.07-100.1 mN). All exhibited narrow, uninflected somal action potentials, and all but one exhibited long-duration afterhyperpolarizations (AHPs) with remarkably slow recovery kinetics, a characteristic of myelinated nociceptors at normal physiological temperatures . A broad diversity of central morphology was observed, roughly divisible into three basic groups as described below.
Lamina I-V nociceptors. The majority of myelinated nociceptors labeled in the present studies (n ϭ 13) gave rise to dorsally recurving, "flame-shaped" collateral arbors that extended throughout laminas I-V. These were identical to a subset that was previously noted in young mice (Woodbury and Koerber, 2003) . Representative examples of this anatomically distinctive class labeled in adults in vivo are shown in Figures 3 and 4 . Although most of these afferents exhibited CVs Ͻ11 m/s (i.e., A␦ peripheral axons), three conducted in the low A␤ range (12-13 m/s), and thus this nociceptor class is not defined by CV categories based on compound action potentials .
Lamina I-V nociceptors exhibited moderately high mechanical thresholds (average, 3.23 Ϯ 2.52 mN; range, 0.33-9.02 mN; median, 3.4 mN). No inverse correlation between threshold and CV was evident, as both high and low mechanical thresholds were distributed throughout the CV spectrum (data not shown); the latter suggests that this group in adults, as in neonates (Woodbury and Koerber, 2003) , encompasses more than one of the subcategories identified originally (Burgess and Perl, 1967) . All responded to increasing forces with an increasingly vigorous, slowly adapting discharge. As noted previously in neonates, the pattern of discharge to maintained suprathreshold stimuli was often highly regular, similar to the type II pattern defined previously (Chambers et al., 1972) . Most RFs were punctate, although multiple sensitive foci could be discerned on occasion.
As in neonates, the central arborizations of these afferents were relatively diffuse, even in the main central projection zone containing the most complex arbors. Nevertheless, as illustrated in Figure 4 , these fibers gave rise to substantial arborization in the dorsal horn, with well labeled examples distributing 8 -12 collaterals from both rostrally and caudally directed parent axons in the dorsal columns. As with D-HFAs (above), the arbors of individual collaterals exhibited considerable rostrocaudal overlap throughout the main projection (e.g., see Fig. 4 legend) , whereas isolated collateral arbors located rostral and caudal to this region exhibited a much simpler morphology.
Although collaterals arborized throughout all dorsal horn laminas, the density of arborization in deeper laminas (i.e., IV and V) was comparatively minor; the majority of arborization, particularly in the main projection zone, was centered on more dorsal laminas (i.e., I-III). At high magnification, small, relatively widely spaced en passant varicosities were evident throughout the arborization. Processes ascending to lamina I frequently changed course to run longitudinally in this lamina as in neonates. Importantly, identical findings were observed between afferents recovered from mice that varied widely in age [postnatal day 31 (P31)-P68]; thus, this distinctive central arborization pattern is ontogenetically stable and does not retract or disappear in adults as argued on the basis of bulk labeling (Fitzgerald, 2005) .
Lamina I/IIo nociceptors.
Only two myelinated nociceptors in our sample exhibited the classical central morphology normally associated with myelinated nociceptors , with central axons in Lissaur's tract and horizontally oriented arborizations predominantly centered on lamina I but also extending into the outer SG (lamina IIo; not shown); as in neonates (Woodbury and Koerber, 2003) , these afferents in adult mice also gave rise to occasional processes extending deeper (laminas IIi and occasionally III). As with most lamina I-V nociceptors (above), CVs of this small sample fell within the A␦ range (5.7 and 10.3 m/s, respectively), and mechanical thresholds varied widely; for example, one equaled the lowest value seen among lamina I-V nociceptors (0.33 mN; above), whereas the other required skin pinch for activation; thus, this distinctive morphological subtype also appears to encompass more than one of the originally identified subcategories (Burgess and Perl, 1967) . "Deep dorsal horn" nociceptors. Five myelinated nociceptors were found to exhibit an unexpected central morphology, with dorsally recurving collateral arborizations restricted to relatively deep dorsal horn locations. Arbors from two of these afferents extended into the ventral SG (i.e., lamina IIi), although none projected into classical nocireceptive regions (i.e., laminas IIo or I). Although this sample is somewhat heterogeneous, all "deep" nociceptors are treated together because of their small number.
This subset spanned a broad range of CVs (4.7-31 m/s), with the majority (3 of 5) conducting in the A␤ range (average, 14.6 Ϯ 10.0 m/s; median, 12 m/s). An example of a "deep" A␤ nociceptor with inputs to the ventral SG is shown in Figure 5 . The latter was one of only two myelinated nociceptors encountered to date in our in vivo studies that responded to noxious heat [out of Ͼ50 tested to 53-55°C (Boada and Woodbury, 2007, unpublished observations) ]. This heat-sensitive nociceptor repeatedly responded with one spike to the finest von Frey filament, although it responded with an increasingly vigorous, slowly adapting discharge to increasing forces as with other myelinated nociceptors. Although the response to heat on first exposure was weak, sensitization to subsequent heating was evident (Fig. 5C ). Centrally, a total of eight well labeled collateral arbors were recovered; reconstructions of four of the most elaborate arbors located in the region of greatest overlap are shown in Figure 5 , D and E. Arbors appeared more diffuse than typically seen among lamina I-V nociceptors (above); furthermore, they were predominantly restricted to laminas III-V, with relatively minor extension into lamina IIi.
Three other "deep" nociceptors gave rise to arbors that remained deep to the SG, including the fastest myelinated nociceptor encountered; the two most elaborate arbors of the latter are illustrated in Figure 6 . The mechanical threshold of this fast A␤ nociceptor was identical to that exhibited by another "lamina III-V" nociceptor conducting in the A␦ range, whereas the other A␦ example (Fig. 6 E) required skin pinch for activation. Thus, as in other myelinated nociceptor subtypes (above), this anatomically defined sample likely includes multiple subtypes that were identified originally (Burgess and Perl, 1967) . Interestingly, the central arbors of these nociceptors were often highly reminiscent of those from SAIs (Fig. 6G ) (Koerber and Woodbury, 2002; Woodbury and Koerber, 2007) , which cautions against inferring function on the basis of laminar termination patterns.
Discussion
The present study examined the central anatomy of individual, physiologically identified cutaneous afferents that were intracellularly labeled with NB in adult mice in vivo. The results of these studies provide a number of fundamental insights into the organization of tactile and nociceptive inputs to the superficial dorsal horn. First, despite its apparent lack of myelin, the SG receives far more extensive inputs from myelinated afferents than previously documented; this, coupled with the fact that the SG receives major inputs from D-HFAs (below), cautions against equating this region with unmyelinated inputs in general and/or nociceptive processing in particular. Second, the novel central morphology of Figure 3H ; numbers represent distance of collateral branch points (in micrometers) from the first collateral rostral to the bifurcation of the central axon after root entry (designated "0"). Essentially uninterrupted labeling was seen between the collateral arbors designated "ϩ700" and "Ϫ550"; hence, reconstructions in this primary projection zone were arbitrarily limited rostrocaudally to contain 200 -250 m of tissue. Scale bar, 100 m. myelinated nociceptors described previously in neonates (Woodbury and Koerber, 2003) represents a miniaturized replica of normal adult anatomy. That is, the extensive projections throughout the SG from neonatal myelinated nociceptors undergo little if any change throughout postnatal life; importantly, they do not retract from this region as suggested on the basis of bulk-transport studies. Finally, multiple types of myelinated nociceptors can be discriminated on the basis of central anatomy; the majority represent continua that are not bounded by classical definitions based on CV or mechanical threshold.
A␤ nociceptors
As the sensory neurons underlying first pain (Campbell and LaMotte, 1983) , myelinated nociceptors occupy an important component of central mechanisms that have evolved to safeguard the integument. In view of their importance, remarkably few studies have examined the central termination patterns of myelinated nociceptors in adults Hayashi, 1985) . Furthermore, as previous studies were focused on slowly conducting examples, the central terminations of fast-conducting myelinated nociceptors have remained obscure. The present studies suggest there is nothing unique about the central morphology of A␤ myelinated nociceptors. Those labeled simply represented fasterconducting versions of more slowly conducting counterparts, with one possible exception. To date, lamina I/IIo-specific myelinated nociceptors with A␤ CVs have not been observed. However, the fastest-conducting example was very near the A␤/␦ cutoff, and thus a larger sample of this relatively rare subtype may also reveal a continuum spanning classical CV boundaries. Interestingly, a subset of nociceptors, including the fastest encountered, projected only to the nucleus proprius, a region typically associated with tactile afferents. Whether their terminals segregate specifically to wide dynamic range and/or nociceptive-specific interneurons in this region (Zhang and Giesler, 2006; Mazarío and Basbaum, 2007) remains to be determined.
Lamina I-V nociceptors
Myelinated nociceptors with dorsally recurving "flame-shaped" arborizations throughout laminas I-V represented the most common type encountered in these studies. A few exhibited peripheral CVs in the low A␤ range, and although similar nociceptors arborizing throughout all laminas have not yet been documented outside mice, this distinctive central anatomy exhibits some similarity to a subset of incompletely labeled nociceptors in cat and monkey Rethelyi et al., 1982) and is identical to that of a few unidentified A␤ fibers labeled after nerve injury in rats (Woolf et al., 1992) . Importantly, the present findings reveal that this morphologically unique class of afferents is not only present but arborizes extensively throughout the dorsal horn of normal (i.e., uninjured) adult mice and may account for earlier observations of occasional A␤ inputs to marginal neurons in primates (Kumazawa and Perl, 1978) .
Given their existence in normal adults, it is unclear why the projections from these myelinated nociceptors throughout the SG have escaped notice in bulk-transport studies using cholera toxin-binding subunit. The latter preferentially binds myelinated cutaneous afferents in rodents and has been widely used in studies of nerve central labeling patterns in normal animals (for review, see Woodbury et al., 2001 ). Because labeling is observed in lamina I after cholera toxin transport (Woodbury et al., 2000) , it is unlikely that myelinated nociceptors simply fail to transport this marker. A more likely explanation is that bulk-transport techniques simply lack sufficient sensitivity for visualization of these diffuse inputs.
Substantia gelatinosa: pleasure or pain?
The superficial dorsal horn in general, and SG in particular, is commonly equated with nociception and pain. Although many nociceptors project selectively to this region, this generalization does not apply to most myelinated nociceptors (e.g., laminas I-V), and some avoid it entirely. Furthermore, the present studies highlight the fact that the SG of mice also receives substantial inputs from D-HFAs, among the most exquisitely sensitive tactile afferents that innervate the body surface; a rare population of unmyelinated tactile afferents also project to this region (Sugiura et al., 1986; Sugiura, 1996) . Importantly, D-HFAs were found to project far more dorsally than previously documented in lamina IIi (Woodbury et al., 2001) [see also , Rethelyi et al. (1982) , and Hayashi (1985) ], well into lamina IIo, where they were clearly in position to intermingle with unmyelinated nociceptor terminals. This suggests that D-hair inputs are not yet fully mature in neonates (cf. Woodbury et al., 2001) , growing farther into the SG during postnatal life. As this appears to significantly alter current understanding of afferent inputs to adult SG, potential reasons for this discrepancy with earlier studies warrant consideration.
One possibility is that this more superficial termination of D-HFAs is more apparent than real, because the SG appears to be thicker in mice than in larger species (see discussion in Woodbury et al., 2000) ; thus, whereas a ventral expansion of this region may explain a relatively more dorsal termination of mouse D-HFAs overall, it cannot explain D-hair arbors abutting the lamina I/II border (see Results). A related possibility is that this more superficial termination reflects significant species and/or segmental differences in D-HFAs themselves, as previous studies in adults were conducted at caudal levels in cat and monkey or cranial levels in cat (Hayashi, 1985) . However, although this possibility cannot presently be ruled out given the lack of NB-based studies outside mice, it appears unlikely.
Despite differences in segmental level, no major differences in laminar termination patterns have been observed across diverse tactile afferent subclasses between mice and other species (present findings) [see also Woodbury et al. (2001) , Koerber and Woodbury (2002) , and Koerber (2003, 2007) ]; hence, D-HFAs would appear to provide a unique exception. However, observations of isolated D-hair arbors invading "the deep two-thirds of lamina II" in the spinal trigeminal nucleus caudalis of cat (Hayashi, 1985) not only suggest otherwise, but may help explain the substantial portion of cat SG that remains unlabeled at spinal levels after isolectin-B 4 transport (Woodbury et al., 2000) . Moreover, a more superficial termination of tactile afferents than commonly held is supported by the finding that type II synaptic glomeruli, formed by D-HFAs (Rethelyi et al., 1982) , constitute ϳ20% of the glomerular structures in lamina IIo (Ribeiro-da-Silva and Coimbra, 1982) . Thus, the most parsimonious explanation may simply reflect the fact that the use of NB in the present studies labeled greater numbers of collaterals in this diminutive species than previous attempts with HRP in larger species Hayashi, 1985) , revealing both the most superficially terminating collaterals in the main central projection and deeper isolated outliers (Koerber and Mirnics, 1995; Wilson et al., 1996) .
Importantly, because D-HFAs are activated by the gentlest breeze, far more tactile than nociceptive information would be expected to enter the SG on a daily basis, especially considering the sophisticated repertoire of protective behaviors working in concert to minimize nociceptor activation. The common tendency to equate the SG with nociception and pain therefore warrants reevaluation if the physiology of this region under normal conditions is to be accurately understood.
The function of D-HFA inputs to the SG is not yet clear. Although exquisitely sensitive A␦ tactile afferents are present in human hairy skin nerves (Adriaensen et al., 1983 ) (but see Olausson et al., 2002; Cole et al., 2006) , knowledge of their potential role in sensation is hampered by a lack of microstimulation studies. Nevertheless, substantial numbers of SG neurons respond well to light tactile stimuli, whether touch-specific or wide dynamic range neurons Bennett et al., 1980 ) (for review, see Light, 1992) . Historically, while inhibition of nociceptive transmission by tactile inputs has received the most attention (Melzack and Wall, 1965) [see also Narikawa et al. (2000) and Lu and Perl (2003) ], recent studies suggest that most SG circuits are excitatory (Lu and Perl, 2005; Santos et al., 2007) and that incoming sensory information is relayed to neurons outside the SG (Giesler et al., 1978; Willis et al., 1978; Light, 1992; Eckert et al., 2003) .
Because tactile inputs are routinely and preferentially activated under normal conditions, it would appear that the SG normally plays a predominant role in tactile sensation, whether tickle (Light, 1992) or the pleasure of gentle caress (Olausson et al., 2002) . Recent findings, however, reveal that all this may change instantly under noxious conditions, as D-HFAs quickly become mechanically inexcitable when their RFs are exposed to noxious temperatures , effectively silencing these inputs and thus allowing nociceptors uninhibited access to SG circuitry. This suggests, therefore, that the SG rapidly switches between opposing functional states in response to events occurring in the periphery.
